This review focuses on Cu/TiO 2 sequentially and Cu-TiO 2 co-sputtered catalytic/photocatalytic surfaces leading to bacterial inactivation discussing their stability, synthesis, adhesion and antibacterial kinetics. The intervention of TiO 2 , Cu and the synergic effect of Cu and TiO 2 on films prepared by a colloidal approach and other techniques is also reviewed leading to bacterial inactivation. Processes in aerobic media and anaerobic media leading to bacterial loss of viability on multidrug resistant (MDR) pathogens, Gram-negative and Gram-positive bacteria are described. Insight is provided for the interfacial charge transfer mechanism under solar irradiation occurring between TiO 2 and Cu. surface properties of 2D TiO 2 /Cu and TiO 2 -Cu films are correlated with the bacterial inactivation kinetics observed in the dark and under light. The intervention of these antibacterial sputtered surfaces in health-care facilities leading to MRSA-isolates is described in the dark and under the actinic light. The synergic intervention of the Cu and TiO 2 films leading to bacterial inactivation prepared by direct current magnetron sputtering (DCMS), pulsed direct current magnetron sputtering (DCMSP) and highly ionized pulse plasma magnetron sputtering (HIPIMS) is reported in a detailed way.
Introduction
The focus of innovative antibacterial materials is to find composites in the colloid form or deposited on surfaces able to inactivate bacteria/pathogens almost instantly or within very short times and present long operational lifetime (high stability). Biofilms spreading bacteria in hospitals, schools and public places are the most common and The levels of contamination in UK hospitals have been reported to be ~10 5 CFU/cm 2 in diabetic wound dressing room and in hospital residence rooms a density of 10 2 CFU/cm 2 only was found. This study will present several studies based on surfaces coated with TiO 2 , Cu and Cu/TiO 2 that present the potential to decrease the environmental bacterial presence in hospital facilities since the reported level of bacterial contamination is not high. The added benefit of the same coatings is that they avoid to a certain degree biofilm formation [16] [17] [18] [19] [20] [21] . When HCAI's are caused by multidrug-resistant (MDR) pathogens this problem becomes critical since antibiotics are not available or ineffective due to their prolonged application times make the pathogens resistant to its initially designed abatement effect.
At the present time more work is required on improved antibacterial coatings inducing fast bacterial reduction, high adhesion, robust layered structure and stability precluding HCAI's. The application of nanotechnology to produce innovative 2D-surfaces of biomaterials useful in medicine posses at this time a significant potential for the prevention and treatment of infections. Nevertheless, concern exists about the field use of these new nano-particulate materials due to the incomplete knowledge of the toxicology. [22] [23] .
The present write-up reviews the recent work on TiO 2 , Cu, and the recent films made up by Cu and TiO 2 leading fast bacterial inactivation kinetics and being able to preclude partly or totally biofilm formation. The spread of pathogenic infections will be decreased depending on the type of pathogen or its local concentration. Biofilm formation is at the origin of 80% of all microbial infections in the body making biofilms a primary health concern [1] [2] [3] [4] [5] [6] [7] [8] [9] . Biofilm pathogens adhere to a host surface, organize their community structure and remain there by producing extra-cellular polysaccharides (EPS) polymer matrix to cement the biofilm to the support in a permanent way. We report TiO 2 -Cu inactivation of E. coli and Methicillin-resistant Staphylococcus Aureus (MRSA) a bacteria strain resistant to the effect of antibiotics and to a lesser degree on the abatement of other bacteria. What makes the problem even more complicated is that bacteria embedded in a biofilm can survive concentrations of antiseptic/antibiotics several times higher than the concentration able to kill planktonic cells of the same species [24] .
Bacterial inactivation performance on TiO 2 /Cu and surface properties

Short description of the main issues of concern affecting the TiO 2 photocatalysis application in microbial abatement
After the seminal report by Matsunaga et al. [25] , a large number of papers appear devoted to the issue of microbial abatement in suspension or by supported TiO 2 surfaces. Lately, some reviews/monographs/reports have appeared on the TiO 2 photocatalysis involving a wide effort addressed to: a) the reporting in a detailed and systematic way the references on TiO 2 photocatalysis, b) the classification of the available data and c) the critical qualification of the validity and weaknesses of the data reported by the recent reviews.
Foster et al., have reported on the TiO 2 mediated disinfection of a large variety of pathogens [26] . The main barriers to the application of TiO 2 photocatalysis in suspension have been reported recently by Guillard et al., [27] , Morawski et al., [28] ,
Robertson et al., [29] , Dalrymple et al., [30] and Gamage et al., [31] . [46] [47] [48] , Kavitha [49] , Dionysyou [50] and Bahneman [51] .
Wettability plays an important role on the TiO 2 surface under band-gap irradiation.
The surface wettability is evaluated by the water contact angle (CA). The CA () defined as the angle between the solid surface and the tangent line of the aqueous solution at the liquid-solid interface. Hashimoto, Fujishima et al., [52] [53] ).
The scheme of the sputtering unit is shown in Figure 1a inactivation. This seems to be a necessary condition to attain the optimal E. coli inactivation kinetics. Samples sputtered for times >8 min led to a thicker coating inducing charge bulk inward diffusion decreasing the charge transfer between the PETiO 2 and bacteria [58] . The rate of the hydrophobic to hydrophilic transformation was found to be 0.28 min -1
. The reverse reaction rate in the dark found was 8.7x10
The reverse reaction time necessary to reach again a CA 121 o C was completed within 24 hours. These rates were calculated by integrating "cos Ө" in the Young's equation [53] [54] .
TiO 2 sputtering for 8 min led to a TiO 2 loading with the most suitable thickness for the charge diffusion generated in the TiO 2 reaching the bacteria. No bacterial regrowth was observed meaning that there was no bacteria adhered to the surface after the inactivation cycle. After each cycle, the samples were washed with distilled water and dried. Then, samples were kept in an oven at 60°C to avoid bacterial contamination. After washing the PE-TiO 2 samples were left standing for 24h before to regain the initial sample hydrophobicity.
According to Young's theory the "cos Ө" of a liquid droplet on a solid is a function of the interfacial energy between the solid and the liquid. The wettability is commonly evaluated in terms of the contact angle (CA), which is given by Young's equation [53] :
In eq(1) γS and γL are the surface free energies per unit area of the solid and liquid respectively, and γSL is the interfacial free energy per unit area. In addition, γSL can be approximated using the Girifalco-Good eq. 2, with γS and γL, as
Here, Φ is a constant parameter ranging from 0.6 to 1.1, depending on the solid. In addition, γL is the water surface free energy, which has a constant value of 74 mJ/m 2 .
Therefore, by combining (1) and (2), the CA can be simply expressed as:
The highly hydrophilic state generated by UV light gradually returns to the initial hydrophobic state in the dark. [62] . Most of the bacteria acquire a negative electric charge in aqueous suspension or in the presence of air humidity, this aspect has revealed to be important in the bacterial adhesion to charged surfaces [63] . It has been known for a long time that surfaces with high surface energies like the ones encountered in hydrophilic surfaces are negative to a great extent and develop resistance to bio-adhesion 64-65].
These two last considerations have to be considered from case to case when inactivating a specific variety of pathogen on a well-defined antibacterial surface 1-8].
In the last 30 years, the In TiO 2 dispersions/suspensions made up of colloids or pre-formed powder nanoparticles, the photocatalysis led to many studies focusing on bacterial abatement [7, 25-35, 36-58, 66-67] and showing inactivation of spores [74] [75] [76] [77] , viruses [78] , algae [79] and fungi [80] . The TiO 2 suspensions although successful to abate a variety of pathogens under light irradiation need times that seem to be too long to treat large water volumes. The second inconvenient is the separation of the suspension after the disinfection process from the bacterial residues. This is expensive in terms of time, labor and reagents. Therefore some laboratories begun to use supported TiO 2 materials in disinfection processes mediated by TiO 2 . To avoid the separation step at the end of the bacterial abatement, Kuhn et al., [81] robust, and can be wiped out by a small rubbing using naked hands [82] .
The synthesis of uniform 2D-coatings on supports applying direct current magnetron sputtering (DCMS), pulsed direct current magnetron sputtering (DCSMP) and highly ionized pulsed plasma magnetron sputtering (HIPIMS) have been reportedd to cover uniformly surfaces resistant to thermal stress. But sputtering methods have been used to coat textiles like cotton and polyester (PES) and low cost inert thin polymer films like polyethylene (PE) presenting low thermal stability ≤ 100-130 o C comprising 80% of the commercial market.
TiO 2 /Cu synthesis leading to uniform, adhesive and antibacterial films.
Physical vapor deposition (PVD) is carried out in vacuum by condensation of a metal/non metal vapor onto the support surface that is generally in the reaction chamber at a relatively low temperature. This method involves high temperature vacuum evaporation of the material to be coated on the support. Anatase layers have been deposited this way showing a super-hydrophilic behavior under band-gap irradiation as reported by several workers in the field [83] . When using chemical vapor deposition (CVD), the sustrate is exposed to volatile compounds decomposing on the substrate leading to the desired coatings [84] [85] [86] . A uniform, thin, adhesive, robust Figure 1 .
One of the first reports on DCMS sputtered photocatalytic TiO 2 on Si-wafers and ceramic targets was reported by Miron et al., [91] . The utility of TiO 2 sputtered surfaces was already recognized many years ago. During the photocatalytic disinfection, the electron acceptor that is the O 2 in contact with the sputtered TiO 2 is readily available from the air and their concentration is replenished normally by the catalyst surface during disinfection. The efficiency of the antibacterial catalytic surface is influenced by the surface porosity. intensity of the light arriving on the sputtered surface, the sample roughness and uniformity controlling the bacterial adhesion, the type of bacteria either predominant Gram-negative or Gram-positive, the distance of the light source to the sputtered sample, the surface pH and the hydrophilic-hydrophobic balance of the sputtered sample. 
Cu-loaded sputtered surfaces active in the dark and under light leading to microbial abatement
Antimicrobial nano-particulate films preparation is a topic of increasing attention since their objective is to reduce or eliminate the formation of infectious bacteria biofilms leading to hospital acquired infections (HAI) [92] . But more effective bacterial inactivation films on flat or complex shape 2D/3D surfaces are needed due to the increasing resistance of pathogenic bacteria to synthetic antibiotics administered for long times. Also nosocomial infections due to antibiotic resistant bacteria are becoming more frequent. [93] .
Surfaces sputtered by DCMS/DCMSP containing metals, oxides, semiconductors either heat resistant or not, have been reported recently leading to effective, stable and uniform bactericide films [94] [95] [96] . The recently developed highly ionized pulsed plasma magnetron sputtering (HIPIMS) leads to films applying high electrical pulses 1-10A and up to 100V leading to layers presenting superior resistance and compactness against corrosion and oxidation. The HIPIMS sputtering on 3D-complex shape objects is one of the main problems encountered when depositing thin films on substrate by direct current pulsed magnetron sputtering (DCMS/DCMSP) [95] since the adhesion of the sputtered films are not strong. This is due to the relatively low bias voltage applied on the substrate within the sputtering time [96] . HIPIMS sputtering induces a strong interaction with 2D/3D substrate due to the higher fraction of the Cu + /Cu 2+ -ions up to 70% compared with DCMS/DCMSP [97] . The strong adherence of the sputtered atoms/ions on complex shape biased objects is due to the higher ion-arrival energy on the surface compared to the more traditional DC/DCP sputtering methods [97] . Cuions in ppb-amounts besides electrostatically interacting with the bacterial envelope lead partially to the unpacking/damage of the LPS of the outer E. coli bacterial cell wall, later penetrating the bacterial cell-porins with diameters of 1.1-1.3 nm [98] . Cuions will also diffuse through skin pores of ~100nm [1, 7, . To preclude viral and diverse type of nosocomial infections caused by antibiotic resistant bacteria, Borkow and Gabbay [99] [100] [101] [102] have reported studies on Cu-loaded textiles. These studies report in a detailed, systematic and comprehensive way the preparation and evaluation of the pathogens abatement on these innovative surfaces. Further colloidal Cu-coated textiles showing antibacterial properties reported by Gedanken's laboratory [103] [104] focusing on ZnO and CuO colloids deposited on textiles by sonication. Cucolloids were impregnated on polyester(PES) to inactivate bacteria under low intensity sunlight. The PES was previously pre-treated by RF-plasma to increase the amount of negative carboxylic sites able to bond Cu-ions [105] . The non-uniform dispersion of the Cu/CuOx on the PES-surface moved us to work on the preparation by sputtering of Cu-antibacterial films to obtain adhesive, uniform and reproducible Cu/CuOx coatings.
In this way we overcome the shortcomings of colloidal loaded PESs and this work will be described in the paragraph below. Direct current pulsed magnetron sputtering (DCP) of Cu with energy pulses between 5 and15 eV, led to a faster bacterial inactivation kinetics compared to DCMS [107] . More recently, higher energies per pulse compared to DCP involving HIPIMS sputtering was reported by, Petrov et al., [97] . HIPIMS sputtering on Cu-PES led to E.
coli bacterial inactivation within 90 min when Cu was sputtered by HIPIMS pulses 60s long at 60A [108] . Effective bacterial inactivation was also observed in the dark. The energy and duration of the HIPIMS pulse was also limited by the heat resistant of the Cu-target. The amount of Cu-sputtered by HIPIMS inactivated E. coli with a Cu-loading three times lower compared to DCMS leading to E. coli bacterial inactivation within similar times. This shows the substantial Cu-metal savings when using Cu to prepare Cu-HIPIMS antibacterial films. A higher amount of Cu-ions was detected by X-ray photoelectron spectroscopy (XPS) on the textile surface for HIPIMS sputtered films compared to films sputtered by DCMS and DCMSP [59, [106] [107] [108] .
Behavior of Cu-sputtered surfaces in the dark and under hospital light leading to MRSA-isolates inactivation
Studies Copper is required by eukaryotic and prokaryotic cells at low concentrations as cofactors in metal-proteins and enzymes, but at high concentrations, Cu (II) has a toxic effect. Cu intervenes substituting essential ions and blocking of functional groups of proteins, inactivating enzymes, producing highly oxidative free radicals and altering the membrane integrity [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] . A number of studies have demonstrated the efficient killing of bacteria/fungi Cu-surfaces and Cu-alloys, both in vitro and in a clinical setting by Espirito Santo et al., [113] [114] , Grass et al., [115] and Casey et al., [116] . These studies show that Cu-surfaces rapidly and efficiently kill bacteria, in some cases accumulating Cu-ions on the cell wall membranes. This step seems to be followed by followed by Cu-uptake leading to cell wall loss of integrity and Cu-translocation. These studies also report that Cu/Cu-ions are effective against a wide variety of microbes but he mode of intervention of the Cu/Cu-ions and the inactivation mechanism still remains controversial. Experimental evidence for reactive oxidative stress (ROS) on the cytoplasm of Cu-stressed yeast is presented. New biomaterials for infection resistant surfaces considering additives interfering with biofilm formation, adhesive properties and microstructures driving the antibacterial action have been recently reviewed [117] .
Testing the antibacterial action of many of metals on TiO 2 films, the metal-ion toxicity of Cu-ions was found much higher compared to: Ag-, Zn-, Co-, Al-and Hg-ions. The in vitro growth inhibition revealed the higher activity of Cu-ions as antibacterial and biotolerant additive in ppb amounts [118] . Due to the fact that many bacteria grow easily on polyethylene widely used to wrap-up all kinds of objects: pharmaceuticals, perishables, surgical materials by Cu-polyethylene (Cu-PE) thin polymeric films our laboratory decided to sputter Cu on PE by DCMS and test bacterial inactivation performance [119] . Cu-coatings of 25 nm thick were sputtered at 60W and deposited 0.16% weight Cu/weight PE leading to bacterial inactivation under low intensity simulated sunlight (20% AM1). These films were also able to induce complete bacterial inactivation in the dark within 90 min and at a faster rate within 15 min under low intensity sunlight. Repetitive photo-induced bacterial inactivation was observed on the CuOx-PE. The Cu-released during the catalyst recycling in the ppb-range was determined by inductively coupled plasma mass-spectrometry (ICP-MS) and the showed the effect of the electrostatic interaction between bacteria and the CuOx-PE
film. An increase in the applied light intensity accelerated the bacterial inactivation kinetics providing the evidence for the semiconductor behavior of the CuOx film. By Xray photoelectron spectroscopy (XPS), the binding energy (BE) of the Cu-species was seen to shift after the bacterial inactivation cycle. 
Photocatalytic/catalytic bactericidal effects on E. coli and MRSA by TiO 2 /Cu thin films
Cu has been widely reported in the last decade to increase the bactericidal activity of TiO 2 [17, [37] [38] 51, 59, 86, [101] [102] [103] [104] [109] [110] [111] [112] [113] [114] [115] [116] [117] [118] [119] [120] 132] . This section presents some sputtered materials in health facilities, garments and many artifracts used in hospitals facilities [18] [19] [20] [21] . Pioneering work in this area has been carried out for the two decades by P. Kelly in Manchester (MMU), looking in a detailed and comprehensive way to the effect of a variety of physical parameters set during the sputtering of surfaces and their effect on the antibacterial performance. In conjunction with J. Verran's work, they have reported work contributing to the mechanistic understanding of the microstructure of well defined sputtered surfaces on the abatement of pathogens [141] [142] [143] .
Recently S. Pillai [144] has carried out work on the ability of 
Recent work on TiO 2 /Cu sputtered surfaces by DCMS, DCMSP and HIPIMS, bactericidal effects and thin film properties
The thin uniform TiO 2 /Cu films on cotton about 78 nm thick were sputtered in the unit showed below. The most suitable films leading to bacterial inactivation consisted The DRS spectra of this sputtered TiO 2 /Cu sample show that Cu does not substitute Ti 4+ in the TiO 2 crystal lattice. Ti and Cu-ions were released in ppb amounts during the period of bacterial disinfection providing for the evidence that the bacterial inactivation involves predominantly an oligodynamic effect [147] [148] . The small amounts of Cu-relased during disinfection electrostatically bind to the S-and N-and COO -negative groups of the bacteria cell wall before translocating onto the bacterial cytoplasma. This mechanism was originally suggested by the Tokyo University photocatalysis laboratory [136] [137] [138] [139] . Figure 2a shows the Cu-released during the disinfection cycles by a TiO 2 /Cu (10min/40s) sputtered sample irradiated by actinic 4mW/cm 2 light. After each cycle, the samples were washed throughly before starting the next repetitive cycle. Afrer the 8 th recycling, Figure 2a shows Cu released at ppb levels < 8 ppb.These Cu-levels are not considered cytotoxic to mammalian cells [129, 149] . TiO 2 /Cu cotton samples increased the E. coli inactivation kinetics with the increase of the applied light intensity [149] . Therefore, the predominant effect leading to bacterial inactivation seems to be due to the photo-generated charges either to: a) the TiO 2 , b) the intermetallic TiO 2 /Cu & TiO 2 -Cu phases and finally c) the CuO. Therefore, it is not the highly oxidative nano-particulate Cu present initially in a defined amount that determines the mechanism of the Cu-intervention during bacterial degradation, but the semiconductor character of CuO that generates photo-induced charges as a funcion of the aplied light dose. Since the photocatalytic mechanism of TiO 2 has been widely reviewed [25-35, 38-42, 43-51] , we can suggest for CuO mechanistic steps leading to charge separation:
Under photon energies exceeding the CuO band-gap, the cbe-electron could either react directly with the O 2 forming O 2 -eq(3) or reduce the Cu 2+ to Cu + as noted in eqs. (3) (4) (5) :
CuO(cbe-)  CuO(Cu
CuO(Cu
The cbe-in eq (2) with an ionization of the Cu-ions of 1% [153] . The DCMSP sputtering is schematically presented in Figure 3b (middle section) and proceeds with ionization of Cu-ions well above the values attained by DC [154] . Next, Figure 3b (right hand side) shows in a schematic way the nature of the films obtained by HIPIMS sputtering. In this alter case leading, a Cu-ionization of ca. 70% and an electronic density of ~10 [18] [19] e-/m 3 has been reported [94] . DCP sputtering generates Cu + /Cu 2+ with an ionization of 5% with an electronic density of ~10 [15] [16] e-/m 3 [154] . The HIPIMS higher energy increases the amount of ionized Cu-ions in the reaction
The Cu-ionization by DCMS has been reported to be on the average 1-5%. For DCMSP the Cu-ions ionization can go up to 10% and up to 70% by HIPIMS [94, [153] [154] . This increased arrival energy of the Cu-ions on the substrate allows the alignment of the Cu-ions on the irregular/rough surfaces [155] [156] . The polyester roughness could not be quantified by atomic force microscopy (AFM) since it is beyond the limit of the AFM unit of ~10 microns. . This value is lower than the Cu-release from the Cu-sputtered PES by HIPIMS reaching up to ~18 ppb Cu/cm 2 after the 8 th cycle. This shows the protective/adhesive effect of TiO 2 . These Cu ppb-levels are not considered to be cytotoxic to mammalian cells and have been suggested to proceed through an oligodynamic effect [129, [147] [148] . It is known that the Cu-nanoparticle size determines the reactivity of photocatalytic surfaces [150] . Due to its size, the CuO/Cu nanoparticles with particle size > 8 nm are not able to penetrate into the bacteria core through the cell wall porins with diameters of 1-1.3 nm [98] . But Cu-ions are able to diffuse through the cell wall porins leading to cytoplasm/DNA damage and finally to the loss of bacterial viability. The electronic transfer between the TiO 2 /Cu and E. coli depends on the length of the charge diffusion in the TiO 2 /Cu. The diffusion is a function of the TiO 2 and Cu particle size and shape [94, 155] . The interfacial distances between TiO 2 and Cu/CuO on the polyester surface range from below 5 nm and up. This allows the interfacial charge transfer (IFCT) as shown in Figure 5 to proceed with high quanta efficiency depending on the applied light intensity and nano-particulate size and surface properties [136] [137] [138] [139] . Quantum size effects occur in particles with sizes ~10 nm having about 10 4 atoms as shown Figure 4a [156] . The surface composition and properties of the TiO 2 -CuO play a role in the charge transfer kinetics involving: a) surface defects, b) surface imperfections and c) dangling bonds at on the edge of this composite. By XPS and atomic force microscopy (AFM) information on the surface composition and roughness has been partially reported [157] . In TiO 2 -Cu the charge recombination is short due to their small particle size. The small particle size decreases the space for charge separation. Also, the semiconductor space charge layer in both TiO 2 and CuO decreases further the potential depth available for the charge injection at the TiO 2 -Cu heterojunction. This decreases the difference in energies between the two components for the charge injection and does not favor a rapid charge injection [38, 51, 151] . The conduction band of CuO at -0.30 V vs SCE (pH 7) in Figure 5 is at a more negative potential than the potential required for the one electron oxygen 
Interfacial charge transfer (IFCT) suggested on TiO 2 -Cu films leading to Gramnegative and Gram-positive bacterial inactivation
A recent study addressed the inactivation of E. coli and MRSA on co-sputtered (doping) [161] [162] [163] . A variety of TiO 2 -Cu preparations and the evaluation of their activity for diverse applications is an area of current interest [165] [166] [167] [168] .
The relevance of the TiO 2 -Cu catalysts and photocatalysts addressing the issue of bacterial inactivation is reflected in the increasing number of studies focusing on the antibacterial effects of TiO 2 -Cu and TiO 2 /Cu in the form of 2D-coatings, suspensions, spheres, alloys, and doped binary oxides [169] [170] [171] [172] [173] [174] [175] .
Conclusions
The 
